We examine different approaches to the analysis of noise in amorphous hydrogenated silicon associated with trapping and generation -recombination processes, which appear to predict very different noise spectra. In one approach the broad noise spectrum observed is assumed to be composed of a distribution of Lorentzian noise spectra, each associated with traps at a given energy depth, with appropriate weighting according to the energy distribution of characteristic time constants. This latter weighting is taken to mirror the energy distribution of states in the gap. This represents a linear superposition of the (weighted) contribution from individual trapping levels, each with its own characteristic time constant. This approach thus assumes that each trap level is an independent source of fluctuation in free carrier number, unaffected by the presence of other traps in the material. At first sight this assertion seems plausible, since in the multi-trapping situation envisaged, cross-correlation effects must be very small. However, the presence of several groups of traps, or, in the limit, a continuum, results in a distribution of characteristic time constants, which is not a simple linear superposition of the time constants for each level. Thus the assertion that a flat density of states, or a region which is flat, such as the top of a broadened level, results in a region of 1/f slope in the noise spectrum, may not be valid.
INTRODUCTION
Conductance fluctuations are manifested as noise in the dc current flowing through a material or device when a voltage is imposed. There is considerable present interest in conductance fluctuations in amorphous semiconductors, and particularly in amorphous silicon. Studies [1] [2] [3] [4] [5] have reported on current noise in both undoped and n-type material, and appear to reveal two qualitatively different noise régimes. At low current densities, the fluctuations in current have a Gaussian amplitude distribution, the power spectrum S I (ω ) is roughly of 1/f form, but with significant variation between different reports, and is proportional to the square of the dc current. At higher current densities, the character of the fluctuations changes dramatically, exhibiting a 'random telegraphic' switching behaviour. In this régime, the amplitude distribution is non-Gaussian, and the power spectrum increases less rapidly with dc current, while the frequency dependence remains close to 1/f. It has been proposed [4] that this latter form of noise is an indicator of filamentary conduction paths arising from electronic and structural inhomogeneity. It has further been proposed [5] that local potential fluctuations, or movement of hydrogen atoms can result in switching such current carrying filaments on or off, so producing the anomalous features described above. There is great interest in this phenomenon, and much debate concerning its origins. In this paper, however, we restrict discussion to the more familiar ground of the low current régime.
In the 1950's and 1960's much of the standard theory of noise in crystalline semiconductors was developed with some rigor [6, 7] , partly because fabrication methods produced materials and interfaces in devices with defect states. As fabrication methods improved, noise associated with trapping in such states (usually titled 'generation-recombination' or g-r noise) has been reduced significantly. In amorphous semiconductors, however, we have a class of materials with substantial and continuous distributions of gap states. The original theory of bulk g-r noise applied to limited systems of energetically discrete states, but it is formally possible, though difficult, to extend the theory rigorously to cover distributed states, so as to describe what might be expected in disordered semiconductors. Simpler approaches have been reported, some of which are dealt with in this paper. However, there are associated pitfalls, which we discuss below.
THEORY
As a starting point, we outline the basic result for a single trapping level below, prior to describing the various approaches to extending this result to trap distributions. The fluctuations in free carrier density arise from the random nature of trapping and emission processes between the trap and the conduction band. The Langevin method characterizes the fluctuation from equilibrium in free electron number ∆N, by adding a random source function H(t) to the linearized system kinetic equation, viz:
where τ t and τ e are the trapping and emission times of free and trapped carriers respectively, and ∆N t is the fluctuation in trapped electron density, linked here via carrier conservation to ∆N. The rapidly fluctuating noise source term H(t) is assumed to possess a white frequency spectrum, which is mediated by the system response to produce the observed spectrum of carrier number fluctuations, S N (ω), and hence results in a Lorentzian current noise power spectrum S I (ω), which has the form [6] ( )
The characteristic time τ eff is the effective time constant for the system to return to equilibrium, and is given in this case by
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We note for reference, that the same time constant τ eff appears in both numerator and denominator, and is determined by the shorter of the two times which will usually be the trapping time.
Distributed levels (uncoupled)
When a distribution of traps is considered, it is tempting to take the result of Equation (3) for a single level, and simply sum, or integrate the expression, suitably weighted, over the distribution. If the density of states distribution (DOS) may be represented by an array of discrete levels (E 1 , E 2 ...E i …) closely spaced in energy, we obtain under this assumption, the expression
where g(τ i ) is an appropriate weighting function, related to the DOS.
One of the present authors [8] , and Bathaei and Anderson [1] applied Equation (4) to explain power-law noise spectra in chalcogenide glasses and in undoped a-Si:H, respectively. In each case the appropriate spread, or superposition, of Lorentzian spectra to give an approximate power-law result, was obtained by using the broad distribution of times τ i associated with trap release over a wide energy range of trap depths. It is clear that such an assumption is flawed. Firstly, trapping times are ignored. Additionally, and significantly in the context of the present work, it is erroneous to treat each trap in isolation. Any electrons emitted to the conduction band from a given level are then subject to interaction with the whole ensemble of traps. It is not at all obvious that the form of the return to equilibrium from any such fluctuation, and hence the form of the noise spectrum, may be represented by such a simple superposition of release times [9] .
Distributed levels (coupled # 
)
Another approach, outlined by Verleg [10] addresses this particular problem by reverting to a summation of the 'one-trap' result expressed by equation (2), but assigning the effective time constant for each level as the free electron trapping time into the whole ensemble of traps, which is typically < 1ps. While this approach does acknowledge interaction between traps, it makes the invalid assumption that the trapping time into all traps is the effective time for return to equilibrium. As a consequence it predicts, using Equation (4) that the current noise arising from free carrier fluctuations associated with most of the trap distribution in a-Si:H would exhibit a very low magnitude, spread over a very wide frequency range. Additionally, no activation energy would be apparent in S I (ω ). Verleg then rightly discards this description as invalid, in view of the pronounced experimental temperature dependence of the noise spectrum in a-Si:H.
A confusing range of assertions arises from the above approaches. It is suggested that the spectrum S I (ω ) ∝ 1/f when DOS is 'flat' [1] as a consequence of simple summation. Further, it is declared that trap emission times may directly influence the 'turnovers' in S I (ω ) -hence giving an activated spectrum [1] . An alternative suggestion is that emission times do not figure in noise spectrum -hence the spectrum is not activated [3] -as a consequence of trapping time dominating τ eff . Another claim is that traps more than kT above E F don't contribute to noise [10] .
Distributed levels (coupled # 2 )
In the present work, we adopt the approach that the individual trapping and emission traffic for each level gives rise to an independent white noise source, but we then include the system response of the whole ensemble of traps to determine the form of the spectrum of free carrier fluctuations. For each level we have,
Here we have simply added a 'noise free' dynamical response for the rest of the trap system to the original expression of Equation (1), including also the recombination term ∆N/τ R . The Langevin term H i (t) for each trap has a white spectral density S i (f) with weighting proportional to the trapping time for that level [11] . It is clear that each trap contributes a weighted version of the same spectral form to the overall free carrier noise spectrum! Summing the spectra so obtained, gives the result ( ) 
which is quite obviously not a simple summation of Lorentzian spectra !
RESULTS and DISCUSSION
We present example noise spectra calculated for systems of exponential band-tail states at 300K, using the three approaches outlined above: (a) uncoupled traps; (b) coupled # 1; (c) coupled # 2. Three characteristic tailing temperatures were selected; 300K, 450K, and 600K. It is clear that very different spectra result from the three approaches. For case (a), uncoupled traps, where trap emission times play a determining rôle, the spectra are of roughly power-law form, S I (f) ∝ f --n with index n increasing toward unity as the tail distributions become flatter. While this is in agreement with the assertion noted above that a flat DOS will lead to a 1/f noise spectrum, the approach (a) is not physically valid for the reasons we have given. For case (b), we find that the spectra are relatively flat, out to high frequencies, a consequence of the assumption that the short ensemble trapping time (~1 ps) is a controlling parameter. Finally, for case (c) in which the dynamics of the complete trap system are incorporated, we again see approximately power-law spectra, but now with slope increasing as the tail slope increases. This is in fact in qualitative agreement with the experimental results of Bathaei and Anderson [1] . A23.7.4 
CONCLUSIONS
We have studied different approaches to the question of carrier density fluctuations in the presence of traps distributed in energy, in amorphous semiconductors. We suggest that it is not appropriate to treat traps as uncoupled independent noise sources, since each sub-level within a distribution communicates dynamically with the whole trap system. Thus it is not valid to compute the system current noise spectrum S I (ω ) by linear superposition of the individual Lorentzian noise spectra due to each trap level taken in isolation. As a consequence, we assert that the distribution of effective time constants in S I (ω ) cannot, for example, be composed of a simple set of trap emission times. We further suggest that the presumption that the distributed trap system exerts its influence on S I (ω ) through a very short nett trapping time is invalid, since the assumption that this is the characteristic time for fluctuations in the system to return to thermal equilibrium does not hold in the case of broad trap distributions. Nor, in this context can the characteristic frequencies exhibited in S I (ω ) be supposed to depend only on transitions involving states close to the Fermi level. We have proposed a simple approach in which the conductivity noise generated by each level is first treated as a coupled part of the whole dynamical system of traps before the contributions are summed.
